We tested the hypothesis' that glycolytic inhibition by 2-deoxyglucose causes greater impairment of diastolic relaxation and intracellular calcium handling in well-oxygenated hypertrophied adult rat myocytes compared with control myocytes. We simultaneously measured cell motion and intracellular free calcium concentration ([Ca2]I,) with indo-1 in isolated paced myocytes from aortic-banded rats and sham-operated rats. There was no difference in either the end-diastolic or peak-systolic [Ca2"]I between control and hypertrophied myocytes (97±18 vs. 105±15 nM, 467±92 vs. 556±67 nM, respectively). Myocytes were first superfused with oxygenated Hepes-buffered solution containing 1.2 mM CaC12, 5.6 mM glucose, and 5 mM acetate, and paced at 3 Hz at 360C. Exposure to 20 mM 2-deoxyglucose as substitution of glucose for 15 min caused an upward shift of enddiastolic cell position in both control (n = 5) and hypertrophied myocytes (n = 10) (P < 0.001 vs. baseline), indicating an impaired extent of relaxation. Hypertrophied myocytes, however, showed a greater upward shift in end-diastolic cell position and slowing of relaxation compared with control myocytes (A144±28 vs. 55±15% of baseline diastolic position, P < 0.02). Exposure to 2-deoxyglucose increased enddiastolic [Ca2+ ]; in both groups (P < 0.001 vs. baseline), but there was no difference between hypertrophied and control myocytes (218±38 vs. 183±29 nM, respectively). The effects of 2-deoxyglucose were corroborated in isolated oxygenated perfused hearts in which glycolytic inhibition which caused severe elevation of isovolumic diastolic pressure and prolongation of relaxation in the hypertrophied hearts compared with controls. In summary, the inhibition of the glycolytic pathway impairs diastolic relaxation to a greater extent in hypertrophied myocytes than in control myocytes even in well-oxygenated conditions. The severe impairment of diastolic relaxation induced by 2-deoxyglucose in hypertrophied myocytes compared with control myocytes cannot be explained by greater diastolic Ca2" overload, which implicates an increase in myofflament Ca2+-responsiveness as a possible mechanism. (J. Clin.
1 in isolated paced myocytes from aortic-banded rats and sham-operated rats. There was no difference in either the end-diastolic or peak-systolic [Ca2"]I between control and hypertrophied myocytes (97±18 vs. 105±15 nM, 467±92 vs. 556±67 nM, respectively). Myocytes were first superfused with oxygenated Hepes-buffered solution containing 1.2 mM CaC12, 5.6 mM glucose, and 5 mM acetate, and paced at 3 Hz at 360C. Exposure to 20 mM 2-deoxyglucose as substitution of glucose for 15 min caused an upward shift of enddiastolic cell position in both control (n = 5) and hypertrophied myocytes (n = 10) (P < 0.001 vs. baseline), indicating an impaired extent of relaxation. Hypertrophied myocytes, however, showed a greater upward shift in end-diastolic cell position and slowing of relaxation compared with control myocytes (A144±28 vs. 55±15% of baseline diastolic position, P < 0.02). Exposure to 2-deoxyglucose increased enddiastolic [Ca2+ ] ; in both groups (P < 0.001 vs. baseline), but there was no difference between hypertrophied and control myocytes (218±38 vs. 183±29 nM, respectively). The effects of 2-deoxyglucose were corroborated in isolated oxygenated perfused hearts in which glycolytic inhibition which caused severe elevation of isovolumic diastolic pressure and prolongation of relaxation in the hypertrophied hearts compared with controls. In summary, the inhibition of the glycolytic pathway impairs diastolic relaxation to a greater extent in hypertrophied myocytes than in control myocytes even in well-oxygenated conditions. The severe impairment of diastolic relaxation induced by 2-deoxyglucose in hypertrophied myocytes compared with control myocytes cannot be explained by greater diastolic Ca2" overload, which implicates an increase in myofflament Ca2+-responsiveness as a possible mechanism. (J. Clin. Invest. 1995 Invest. . 95:2766 Invest. -2776 Introduction Cardiac hypertrophy is characterized by multiple changes in gene programming which modify the integration of pathways utilized for energy synthesis and maintenance of intracellular calcium homeostasis (1) (2) (3) . Previous studies have shown that hypertrophied hearts have an enhanced susceptibility to develop impaired diastolic relaxation during hypoxia and ischemia (4-6) which can be modified by stimulation of glycolytic flux during energy depletion (7) . These studies suggest that hypertrophied hearts may be more dependent on glycolytic flux to maintain normal relaxation even under well-oxygenated conditions in comparison with normal hearts (8) . There is evidence that glycolytic flux is closely linked with diastolic relaxation and transsarcolemmal ion flux, implicating a role in the restoration of resting cytosolic Ca2" levels (9, 10). Ikenouchi et al. ( 11 ) demonstrated that glycolytic inhibition by 2-deoxyglucose (2DG) 1 causes impairment of myocyte relaxation in association with an increase in diastolic intracellular Ca2" in normal isolated cultured embryonic chick myocytes and paced adult rabbit ventricular myocytes under oxygenated conditions.
The goal of this study was to test the hypothesis that glycolytic inhibition by 2DG causes greater impairment of diastolic relaxation and more severe elevation of diastolic intracellular Ca2+ in isolated, well-oxygenated hypertrophied myocytes in comparison with normal myocytes. We simultaneously measured intracellular calcium concentration ([Ca2+] i) using the fluorescence Ca2" indicator indo-1 AM in collagenase-dissociated, paced myocytes isolated from aortic-banded and shamoperated rats. Myocytes were superfused with 20 mM 2DG for 15 min Wilmington, DE) were banded at the age of 3-4 wk (body weight, 75-100 g) by placing a stainless steel clip of 0.6 mm internal diameter on the ascending aorta via a thoracic incision (6, 13, 14) . Age-matched control rats underwent a sham-operation. The rats were fed normal rat chow and water ad libitum, and were used 8-9 wk after the banding. Previous studies in our laboratory have shown that at this stage after aortic banding, this model of pressure-overload hypertrophy is characterized by a 50-60% increase in left ventricular weight relative to sham-operated controls and the absence of chamber dilatation (6, 12, 13) .
Dissociation of left ventricular myocytes. Left ventricular myocyte isolation was performed by a modification of the methods of Capogrossi et al. (14) and Haddad et al. (15) . Rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (65 mg/kg body weight). The heart was rapidly excised and attached to an aortic cannula. Continuous retrograde coronary perfusion was initiated at a perfusion pressure of 70 cm H20 for control hearts and 100 cm H2O for hypertrophied hearts. The heart was first perfused with nominally Ca2+-free modified Krebs (11) . First, 10 ml of fetal bovine serum was mixed with 234 k1 of 25% Pluronic F 127 (BASF Wyandotte Corp., Parsippany, NJ) dissolved in dimethyl-sulfoxide. Then 1 ml of 1 mM indo-l AM in dimethyl-sulfoxide was added to 9 ml of fetal bovine serum-Pluronic F 127 mixture, sonicated, and aliquoted into 400-ul samples, which were stored at -20°C. Myocytes were attached on coverslips with cell adhesive (Cell-Tak; Collaborative Research, Inc., Waltham, MA), and loaded with 5 OM indo-l AM in Hepes-buffered solution at room temperature for 30 min. The coverslip was rinsed with indo-l AM-free buffer solution, and placed in a flowthrough heated (36°C) cell superfusion chamber on the stage of an inverted microscope (Nikon, Tokyo, Japan). The instrumentation for fluorescence measurement has been described in detail elsewhere (11, 18, 19) . The excitation source was a high-pressure Hg-arc lamp which provides an intense emission peak at 360 NM. Further selection of this excitation was made with narrow band width interference filters. The excitation beam was chopped at 360 Hz to reduce bleaching and the myocyte was illuminated via epifluorescent optics using Fluor X40 objective lens (Nikon). The fluorescence light was collected by the objective lens and transmitted to a custom-modified spectrofluorimeter (FM-1000; Rincon Scientific Instruments, Santa Barbara, CA) for simultaneous measurement of both 400 and 500 NM wavelengths using two separate photomultiplier tubes. The spectrofluorimeter provided analog signals representing the fluorescence intensity at both wavelengths and the ratio of emitted fluorescence (400/500 NM). The subtraction of background autofluorescence was done by offsetting the photomultiplier tube outputs during the measurement of fluorescence from an unloaded myocyte at the beginning of each experiment. An adjustable iris was used to restrict the optical image to only one myocyte of interest in each experiment to minimize background fluorescence from other myocytes. The image of the beating myocyte was obtained by illumination via the 50-w standard microscope light source passed through a 645-nm band-pass filter. This wavelength was long enough not to interfere with the fluorescence detection at 400 and 500 NM. The motion of the myocyte was monitored using a solid state camera (GP-CD60; Panasonic, Secaucus, NJ) and a custom-modified video detector system (20) (Crescent Electronics, Sandy, UT). The analogue output of the cell motion signal was monitored and recorded continuously with the analog signal of the [Ca7']i sensitive fluorescence ratio (F400/500 NM). Two platinum electrodes placed in the bathing fluid were connected to a stimulator (SD9G, Grass Instruments, Quincy, MA), and used to stimulate the myocyte at 0.5 or 3 Hz with 3-ms pulses.
Total numbers of hearts used for the isolation of myocytes in the present experiments were 12 from sham-operated rats, and 14 from aortic-banded rats. The yield of viable myocytes, which were defined as the percentage of rod-shaped myocytes with clear striations and exclusion of trypan blue, were 60-70% in control myocytes, and 50-60% in hypertrophied myocytes. To prevent bias when we selected a myocyte to be analyzed among myocytes in a microscopic field, we chose a rodshaped myocyte with very clear striation, without any spontaneous cell motion oscillations, and with visually moderate cell motion amplitude of contraction (3.0-3.5 im) at a pacing rate of 0. 
Glycolytic Inhibition in Hypertrophied Myocytes
The pH of these solutions was adjusted to 7.20. Correction factors (C) accounting for the effects of BDM were calculated as follows:
where Rm BDM(-), Rmax,BDM(+), RminBDM(-), and Rmin, BDM(+) are the ratios of fluorescence intensity at 400-500 NM obtained from solutions [
where Kd is the dissociation constant for indo-l and taken to be 250 NM, and R' , R' n, and /3' are calculated using correction factors as follows:
where R' is the corrected maximum value of the ratio, R.' is the corrected minimum value of the ratio, and /3' is the corrected ratio of 500 NM fluorescence intensity in zero and saturating Ca2+ recorded from a myocyte superfused with the buffer containing 40 mM BDM.
In the protocols described below, [Ca2+]i was then calculated by converting the F400/F500 ratio values to [Ca2+]i using the regression line obtained from the calibration study. Experimental protocol. Hypertrophied (n = 10) and control (n = 5) myocytes were superfused with oxygenated Hepes-buffered normal Tyrode solution of the following composition: 137 mM NaCl, 3.7 mM KC1, 0.5 mM MgCl2, 4 mM Hepes (free acid), 1.2 mM CaCl2, 5.6 mM glucose, 5.0 mM acetate, and 0.5 mM probenecid with a final pH of 7.40. Probenecid, a blocker of organic anion transport, was added as it has been shown to inhibit secretion of both indo-1-and fura-2-free acids from loaded cells (23, 24) . The temperature of the myocytes was maintained at 36-37°C. The myocytes were first paced at 0.5 Hz, then the pacing rate was gradually increased to 3 Hz. After recording baseline data, the cells were superfused with oxygenated Hepes-buffered solution containing 20 mM 2DG as substitution of glucose in the presence of 5 mM acetate for 15 min. The analogue cell motion signals and the F400:500 NM analog signals were recorded simultaneously. The F400/ 500 values were converted to [Ca2+]i using the procedure described in the previous section.
In a separate experiment, we studied the effects of iodoacetate (25) , another inhibitor of glycolysis, on cell motion and intracellular calcium handling in additional control (n = 3) and hypertrophied (n = 5) myocytes. First, myocytes were superfused with the same Hepes-buffered solution used for baseline superfusion in the 2DG protocol, then with the same solution containing 0.15 mM iodoacetate as substitution for glucose. The temperature, pH and the pacing rate were the same as those in the 2DG protocol.
Effects ofBDM on increased diastolic cell position induced by 2DG in hypertrophied myocytes. To investigate whether increased diastolic cell position in hypertrophied myocytes exposed to 2DG is due to irreversible Ca2+ -independent rigor or Ca2+ -dependent crossbridge cycling, a separate experiment was performed in hypertrophied myocytes (n = 3) using BDM, which uncouples contractile activity from Ca2+ transients (26, 27) . Hypertrophied myocytes were first superfused with the same solution used for baseline superfusion in the 2DG protocol. Stability study. The stability of both cell motion and [Ca2+]i were assessed for a period of 15 min in both hypertrophied (n = 3) and control (n = 4) myocytes. Myocytes were superfused with oxygenated Hepes-buffered solution (pH 7.40) containing: 137 mM NaCl, 3.7 mM KCl, 0.5 mM MgCl2, 4 mM Hepes (free acid), 1.2 mM CaCl2, 5.6 mM glucose, and 5 mM acetate, and probenecid 0.5. Cells were paced at 3 Hz at 36-370C.
Compartmentation study. To estimate compartmentation of indo-1 in intracellular organelles, myocytes loaded with indo-1 AM from shamoperated or aortic-banded rats (n = 3 in each group) were chemically skinned by superfusion with Hepes-buffered (4 mM) normal Tyrode solution (pH 7.05) containing 25 pM digitonin, 10 mM CaCl2 and 30 mM BDM ( 19). As previously described, this concentration of digitonin is sufficient to permeabilize the membrane to permit loss of free intracellular Ca2' bound to indo-l without disrupting organelles (18) . Fluorescence intensities from the myocyte were continuously recorded at both 400 and 500 NM. Isolated heart studies. To assure that the results obtained in isolated myocytes were representative of the behavior of the intact heart, the 2DG perfusion protocol described above in the isolated myocytes were repeated in isolated buffer-perfused hearts from additional aortic-banded rats 8-9 wk after banding (n = 7) and age-matched sham-operated controls (n = 7). The isovolumic buffer-perfused heart preparation has been described in detail previously (11, 12, 13) . Left ventricular isovolumic balloon volume was adjusted to achieve a left ventricular end-diastolic pressure of 10 mmHg in both groups; at this level of diastolic pressure, balloon volume was comparable in the hypertrophy and control groups (0.19±0.01 vs. 0.21±0.02 ml, NS). Coronary flow rate was adjusted to achieve a similar flow rate/per gram in both groups (13.0±0.5 vs. 12.8±0.4 ml/min per gram, NS). The hearts were paced at 3-4 Hz and temperature was maintained at 36°C. After a 30-min stabilization period with the baseline perfusate, left ventricular pressure and coronary perfusion pressure were measured. All hearts were then perfused with the well-oxygenated 2DG solution for eight minutes and hemodynamic measurements were repeated. Pilot studies showed that perfusion with the 2DG solution for 15 min, as was done in the isolated myocytes, was not feasible due to development of arrhythmias with irreversible contracture in the hypertrophied hearts.
Analysis of high energy phosphate contents. Myocardial ATP and phosphocreatine contents were determined in the perfused hearts at 8 min of 2DG infusion. At the end of the experiment, the heart was quickly trimmed of atria and right ventricular free wall, frozen with liquid nitrogen-cooled clamps, and the LV was rapidly weighed and then heated (37°C) in an oven for 48 h to determine the frozen/dry weight ratio. The remainder of the sample was mixed with 0.6 N perchloric acid, homogenized, centrifuged, and neutralized with 5 mol/l potassium carbonate. The aliquot of neutralized homogenate was placed in preweighed reagent vials and analyzed for ATP by methods of Adams (28) . Phosphocreatinine was measured by the methods of Altschuld (29) by adding an excess of creatine kinase to the ATP reaction mixture after ATP assay had reached completion. Additional control hearts (n = 5) and hypertrophied hearts (n = 5) were also frozen for determination of baseline myocardial high-energy phosphate values after a 30 Fig. 2 summarizes the effects of 2DG on cell motion and [Ca2+]i in 5 control myocytes and 10 hypertrophied myocytes. Cell position data were normalized using baseline values such that the baseline position of an edge of myocyte at end-diastole is defined as 0, and at end-systole as 100. Fig. 3 summarizes the changes in the amplitude of cell motion during 2DG exposure. While the amplitude of cell shortening was not changed significantly in control myocytes compared to baseline, the amplitude of cell shortening in hypertrophied myocytes decreased significantly during 2DG superfusion (P < 0.02). The mechanism of this reduction in amplitude of cell shortening was the failure of the hypertrophied myocytes to relengthen to baseline diastolic cell length rather than a reduction in the absolute extent of systolic shortening. Exposure to 2DG caused a significant increase in the diastolic cell position in both groups compared with baseline (P < 0.001), indicating an impaired extent of relaxation. Hypertrophied myocytes, however, showed a more rapid and prominent upward shift in diastolic cell position compared with control myocytes (A144±28 vs. A55±15% of baseline at time 15 min, P < 0.02) which was apparent within 3-5 min of superfusion with 2DG. Exposure to 2DG caused no change in peak systolic [Ca2+ ] in additional isolated buffer-perfused hypertrophied (n = 7) and control (n = 7) hearts (Table II) 
Discussion
These experiments demonstrate that glycolytic inhibition by 2DG causes greater impairment of diastolic relaxation in welloxygenated hypertrophied myocytes compared with control myocytes. The novel finding of the present study that 2DG caused more severe impairment of relaxation in isolated hypertrophied myocytes as well as in isolated perfused hypertrophied hearts indicates that the defect is related to impaired crossbridge dissociation, rather than factors of cardiac geometry or the connective tissue ultrastructure which are confounding factors that modify relaxation in intact hypertrophied hearts. Diastolic intracellular Ca2+ levels were similar in the hypertrophied and control myocytes at baseline, and 2DG caused a progressive increase in diastolic [Ca2+]i in both groups. However, the difference in the magnitude of the impaired diastolic relaxation could not be explained by a more severe diastolic Ca2+ overload in the hypertrophied myocytes. These findings seriously challenge the notion previously advanced by us and others that the susceptibility of the hypertrophied heart to diastolic dysfunction during energy I Digitonin 25 pM, Ca2 10 mM deprivation can be explained solely by the mechanism of an exaggerated increase in diastolic Ca2" relative to normal hearts (4-7). The ascending aortic-banded rat model of concentric left ventricular hypertrophy used in the present experiment has been extensively characterized in our prior studies (6, 12, 13, 30, 31 ) . At this stage of pressure overload hypertrophy, contractile properties are reasonably well maintained, with a slight decrease in fractional shortening but a significant decrease in the rate of shortening relative to control myocytes. In rat ventricle with chronic pressure overload, a (VI) myosin heavy chain is replaced by /3 (V3) myosin heavy chain, an isoform shift which correlates with a reduced velocity of cardiac muscle shortening (32) . Recent molecular biology studies have confirmed that this isoform shift is present at this stage after aortic banding in our model (31) . Thus, our observations regarding the altered time course and velocity of systolic cell shortening may be due in part to the myosin heavy chain isoform shift in the hypertrophied myocytes due to chronic pressure overload. Altered intracellular Ca2+-handling might be an additional mechanism responsible for an altered time course of cell shortening. The results in the present study, however, showed no difference in either time to ATPase message levels are similar in aortic-banded hearts at this stage of hypertrophy relative to controls, and only decline at a much later stage of hypertrophy during the transition to failure (31) . Taken together, these observations challenge the notion that the susceptibility of the heart with early adaptive hypertrophy to impaired relaxation during energy depletion is explained by the simple mechanism of diastolic Ca2+ overload.
Limitations. A potential limitation of this study is that acetoxymethyl fluorescent-indicators like indo 1-AM and fura 2-AM can promote dye compartmentation in intracellular organelles such as the mitochondria (22, 35 exposure is in part related to a change in myofilament Ca2" -responsiveness rather than Ca 2+ -insensitive rigor. Alternatively, the observation that BDM did not completely normalize relaxation is consistent with a few rigor bridges acting in series with cycling crossbridges. In addition, the high concentration of BDM used may have effects in addition to those at the level of the crossbridge, including changes in the amplitude of Ca2+ transient.
Another potential limitation is that experiments were performed on individual myocytes raising the issue as to whether the isolated myocytes are representative of the intact hearts from which they are isolated. Furthermore, it is also possible that the shortening behavior of relatively unloaded isolated myocytes may not simulate the response of the loaded intact heart to glycolytic inhibition. To address this, additional age-matched control and hypertrophied hearts from aortic-banded rats at an identical stage were studied in an isolated isovolumic perfused heart preparation and subjected to the baseline and 2DG perfusion protocols used in the isolated myocyte study. In these hearts, indices of isovolumic force development were measured rather than unloaded cell shortening. In response to 2DG perfusion for 8 min, the hypertrophied hearts in comparison with the control hearts developed severe elevation of isovolumic left ventricular end-diastolic pressure and prolongation of the relaxation time constant of left ventricular pressure decay. Left ventricular systolic developed pressure was also more depressed in the hypertrophied hearts, due to incomplete relaxation to baseline end-diastolic pressure. These findings support the notion that the severe impairment of myocyte lengthening observed in the isolated hypertrophied myocytes is characteristic of the effects of glycolytic inhibition in the intact hypertrophied heart, in which severe impairment of relaxation is prominent.
To further the relationship between diastolic dysfunction and high energy phosphate depletion in response to 2DG, myocardial ATP and phosphocreatine contents were measured in the hypertrophied and control hearts perfused with 2DG. Under baseline perfusion conditions ATP content was similar in both groups, whereas phosphocreatine levels were lower in the hypertrophied hearts consistent with observations in other models of hypertrophy (1, 2) . In normal and hypertrophied well-oxygenated hearts supplied with acetate as substrate for mitochondrial oxidative phosphorylation, 2DG may cause a reduction in ATP levels by trapping of Pi, leading to reduced phosphorylation and washout of creatine substrate with secondary impairment of ATP synthesis via the creatine kinase pathway ( 1, 25 ).
However, we observed that both the absolute reduction and change relative to baseline of ATP and phosphocreatine contents were greater in the hypertrophied hearts compared with the controls in response to metabolic inhibition with 2DG under oxygenated conditions. These findings are consistent with other experiments suggesting an altered integration of energy synthesizing pathways in hypertrophied myocardium including depressed activity of the creatine kinase pathway and an enhanced dependence on glycolytic metabolism ( 1, 2, 7, 8, (43) (44) (45) . The increased dependence of hypertrophied myocardium for glucose utilization may be related to an increased activity of glycolytic enzymes (8, 46) as well as a switch to the fetal pattern of enhanced expression of the GLUT 1 basal transporter relative to the GLUT 4 insulinresponsive transporter (47) . Taken together, these observations lend support that utilization of glucose as an energy substrate in hypertrophied myocardium may simulate the immature pattern of enhanced dependence on glycolysis for cardiac ATP production which has been observed in neonatal hearts (48) and embryonic cultured myocytes (49) .
Potential mechanisms of impaired relaxation. Mechanisms distinct from ATP-dependent rigor merit consideration. The absolute level of ATP in the hypertrophied hearts in response to 2DG was in the range of 7 cismol per gram dry weight, which is higher than the levels usually associated with ATP-dependent rigor during prolonged ischemia. This finding is consistent with the results of the BDM experiment in the isolated hypertrophied myocytes, which suggested that the impaired myocyte lengthening induced by 2DG was largely reversible, implicating persistent Ca2 -dependent crossbridge cycling. As recently reviewed by Winegrad et al. (50) , studies in skinned cardiac fibers have shown that Ca2+-activated force increases when ATP concentration falls to levels of < 1 mM/l to about 50 jtmol/l, due to an allosteric effect of low ATP levels on troponin affinity for Ca2 . In our experiments, ATP content was measured and actual cytosolic ATP concentration is not known. Further, skinning of cardiac fibers itself appears to modify myofilament Ca2+ sensitivity (51) . Thus, the magnitude of reduction of ATP which is sufficient to exert an allosteric effect on Ca2+ sensitivity in the intact nonhyperpermeabilized myocyte is not known.
Increases in MgADP could also modify Ca2+ sensitivity and potentially contribute to the exaggerated impairment of relaxation in hypertrophied myocardium, in light of recent insight into the altered integration of energy-synthesizing pathways in hypertrophied myocardium. Recent studies in animal models of hypertrophy, including the present aortic-banded rat model, have consistently demonstrated depressed activity of the creatine kinase system, which serves the dual function of rapid resupply of ATP during high demand conditions and providing the "buffering" function of maintaining low ADP concentrations (1, (43) (44) (45) . Recent studies suggest that small increases in ADP may modify myofilament Ca2+ sensitivity. Current modeling of crossbridge kinetics supports the presence of three states of crossbridge activation including unattached, weakly bound and force-generating states (52) . Hoar et al. (53) have shown that increases in MgADP within the mM range increase maximum tension and myofilament Ca2" sensitivity in skinned rabbit soleus muscle, implicating prolongation of the force-generating state of crossbridge interaction. MgADP may also modify Ca2' affinity for troponin (54) . Recent studies using both rat cardiac and skeletal muscle confirm that the addition of MgADP in a concentration as low as 25 ksM inhibits the sliding velocity of actin filaments on myosin and reduces the rate of crossbridge detachment (55 
